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The neurofibromatosis type 2 (NF2) tumor sup-
pressor, Merlin, is a FERM (Four point one, Ezrin,
Radixin, Moesin) domain-containing protein whose
loss results in defective morphogenesis and tumori-
genesis in multiple tissues. Like the closely related
ERM proteins (Ezrin, Radixin, and Moesin), Merlin
may organize the plasma membrane by assembling
membrane protein complexes and linking them to
the cortical actin cytoskeleton. We previously found
thatMerlin is acriticalmediator of contact-dependent
inhibitionof proliferation and is required for theestab-
lishment of stable adherens junctions (AJs) in
cultured cells. Here, we delineate themolecular func-
tion of Merlin in AJ establishment in epidermal kerati-
nocytes in vitro andconfirm that a role inAJestablish-
ment is an essential function of Merlin in vivo. Our
studies reveal that Merlin can associate directly with
a-catenin and link it to Par3, thereby providing an
essential link between the AJ and the Par3 polarity
complex during junctional maturation.
INTRODUCTION
The establishment of polarity enables the compartmentalization
of functions in single cells or within a multicellular tissue. Central
to the establishment of cortical polarity is the ability of
membrane-derived cues to effect local changes in the cortical
cytoskeleton and in the targeting and retention of membrane
proteins. Epithelial cells can use cadherin-mediated adhesion
to establish apical and basolateral membrane compartments;
this is followed by the stratification of specialized cell junctions
that define the functional organization of an epithelium. The
coordination of cell polarity and cell:cell communication is
central to epithelial morphogenesis across metazoans; more-
over, concomitant loss of cell adhesion and polarity leads to
loss of proliferation control and tumorigenesis. However, the
molecular mechanism(s) by which cells integrate cell adhesion
and polarity cues remain poorly understood.DevelopmeIn mammalian epithelia, the mature apical junctional region
consists of the adherens junction (AJ), which represents a major
mechanical connection between cells and the more apical tight
junction (TJ) that provides a barrier to the transepithelial passage
of solutes (Bauer et al., 2010; Harris and Tepass, 2010; Nishi-
mura and Takeichi, 2009; Steed et al., 2010). Increasing
evidence suggests that a poorly understood process of junc-
tional maturation involves a transition from an immature junction
that contains both AJ and TJ components into discrete AJ and
TJ structures (Gumbiner, 2005; Hartsock and Nelson, 2008;
Itoh et al., 1997). The invariable final placement of the TJ apical
to the AJ suggests that the immature junction is or becomes
polarized. Indeed, the polarity proteins Par3 and aPKC localize
to the apical junction and are necessary both for the establish-
ment of polarity and the formation of TJs (Goldstein and Macara,
2007; Helfrich et al., 2007; Suzuki et al., 2002; Suzuki and Ohno,
2006). However, the functional and physical links between the AJ
and Par3/aPKC complexes and their role in junctional maturation
have not been delineated.
Members of the FERM (Four point one, Ezrin, Radixin, Moesin)
domain family of proteins organize the cell cortex by assembling
membrane complexes and linking them directly or indirectly to
the cortical actin cytoskeleton (Fehon et al., 2010; McClatchey
and Fehon, 2009; Tepass, 2009). FERM domain-containing
proteins have well-established roles in organizing membrane
appendages and signaling platforms (Fehon et al., 2010;
McClatchey and Fehon, 2009); however, recent studies in
Drosophila reveal that they can also physically and functionally
interact with proteins that have known roles in establishing cell
polarity, suggesting that they may also participate in funda-
mental mechanisms by which cells establish membrane asym-
metry (Laprise et al., 2006, 2009; Ling et al., 2010; Robinson
et al., 2010). The neurofibromatosis type 2 (NF2)-encoded tumor
suppressor Merlin is a FERM domain-containing protein that is
closely related to Ezrin, Radixin, and Moesin (the ERM proteins)
(Rouleau et al., 1993; Trofatter et al., 1993) and has been broadly
linked to development and tumorigenesis in many tissues
(McClatchey and Giovannini, 2005). Merlin is necessary for
establishing stable adherens junctions (AJs) and for contact-
dependent inhibition of proliferation in several types of cultured
mammalian cells (Johnson et al., 2002; Lallemand et al., 2003;
McClatchey and Giovannini, 2005; McLaughlin et al., 2007;
Morrison et al., 2001; Okada et al., 2005). In addition to deco-
rating the cortical cytoskeleton, Merlin localizes to AJs andntal Cell 19, 727–739, November 16, 2010 ª2010 Elsevier Inc. 727
Figure 1. Merlin Binds a-Catenin and Is Required for the Formation of Mature Junctional Belts in Keratinocytes
(A and B) Primary wild-type (A) or K14-Cre;Nf2lox/lox (B) keratinocytes were cultured in media containing high calcium for the indicated times. Immunostaining
revealed that Merlin (green) colocalizes with E-cadherin (red) and actin (white) in both immature PAs (arrows) and in the mature junctional belt (arrowheads) in
wild-type cells. K14-Cre;Nf2lox/lox keratinocytes form PAs but after 24 hr actin remains disorganized and a mature junctional belt does not form. Bars, 5 mm.
(C) Immunoprecipitation of endogenous E-cadherin from immortalized wild-type PAM212 keratinocytes revealed that endogenous Merlin associates with the E-
cadherin complex prior to calcium stimulationwhen only PAs are present (day 0). AlthoughMerlin localizes to themature junctional belt (A), the levels ofMerlin that
physically associate with the core cadherin complex diminish after calcium stimulation and junctional maturation. NRS, normal rabbit serum.
(D) Flag-Merlin produced in vitro in Sf9 cells associates with bacterially produced GST-a-catenin but not with GST-E-cad-cyto or GST-b-catenin. Input equals
10% of the Flag-Merlin used in the binding assay.
(E) Full-length (FL)-Merlin-HA, N-terminal (NT)-Merlin-HA and C-terminal (CT)-Merlin-HA were produced by in vitro transcription and translation (IVTT) and incu-
bated with GST-a-catenin. Isolation of GST complexes and immunoblotting with anti-HA antibodies revealed that FL- and NT-Merlin-HA but not CT-Merlin-HA
associated with GST-a-catenin in vitro. Input equals 10% of the IVTT products.
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catenin, and a-catenin, but it is not clear how Merlin communi-
cates with the AJ or controls AJ establishment (Cole et al.,
2008; Lallemand et al., 2003).
Basal epidermal keratinocytes have been widely utilized to
study AJ establishment in vitro and in vivo (Adams and Watt,
1991; Lien et al., 2008b; Mertens et al., 2005; Michels et al.,
2009; Vasioukhin et al., 2000, 2001). In culture, keratinocytes
enact a defined program of AJ establishment and maturation
upon stimulation with media containing high levels of calcium
(Vasioukhin et al., 2000; Yuki et al., 2007). In the mammalian
skin, basal keratinocytes form an undifferentiated monolayer at
the base of the stratified epidermis and enact a vertical program
of junctional maturation that is driven in part, by asymmetric
(perpendicular) division, yielding differentiated suprabasal
daughter cells and epidermal stratification (Fuchs, 2009; Jensen
et al., 1999; Lechler and Fuchs, 2005). In addition to hemidesmo-
somes and desmosomes, basal cells form AJs and associated
primordial TJ structures (Schluter et al., 2007); in contrast, supra-
basal daughters and overlying cornified epithelial cells develop
discrete AJs and an extensive network of TJs that creates an
intact barrier preventing water loss and protecting the organism
from the external environment (Jamora and Fuchs, 2002). The
organization and maturation of cell junctions is therefore central
to the function and homeostasis of the mammalian epidermis.
Here, we have used the keratinocyte as a well-studied system
for defining the function of Merlin in AJ establishment. We iden-
tify Merlin as a partner for a-catenin and a critical component of
the early AJ in vitro and in vivo. Indeed, the phenotypic conse-
quences of eliminating Merlin function in the mouse epidermis
are markedly similar to that of eliminating either cadherin or
a-catenin, but not other AJ-associated proteins (Tinkle et al.,
2008; Tunggal et al., 2005; Vasioukhin et al., 2001). Our data
further suggest that Merlin is specifically required for the coordi-
nation of adhesion and polarity during junctional maturation;
indeed, we demonstrate that Merlin can physically link a-catenin
to Par3. In the absence of Merlin, the AJ and Par3 complexes do
not associate and basal keratinocytes do not polarize or develop
functional TJs, which, in turn, results in an aberrant program of
asymmetric divisions and a severe and fatal defect in epidermal
barrier formation in vivo. These studies expand the repertoire of
FERM domain proteins that have fundamental roles in establish-
ing cortical polarity and suggest that Merlin is a member of
a growing list of proteins that have dual functions in controlling
polarity and cell proliferation.RESULTS
Merlin Interacts with a-Catenin and Is Required
for Junctional Maturation
Wepreviously found thatMerlin localizes toAJs and is required for
the establishment of mature AJs in mesenchymal cells and(F) Immunoprecipitation of endogenous a-catenin from PAM212 keratinocytes cu
nous Merlin with endogenous a-catenin.
(G) PAM212 keratinocytes were cultured as in (F) and infected with lentiviruses eit
directed shRNAs. Immunoprecipitation of E-cadherin revealed that the associati
See also Figures S1 and S2.
Developmeprimary keratinocytes (Lallemand et al., 2003). However, the
molecular role of Merlin in AJ establishment was unclear. In
primary keratinocytes, Merlin localizes to E-cadherin and actin-
containing punctae known as primordial adhesions (PAs) during
the earliest stages of AJ formation and remains localized to the
mature junctional belt after calcium-stimulated AJ maturation
(Figure 1A). In the absence of Merlin, E-cadherin-and actin-con-
taining PAs do form; however, in contrast to the mature and
discrete junctional belts formed by wild-type keratinocytes after
24 hr of calcium stimulation,Nf2/ keratinocytes form discontin-
uousandraggedrimsofE-cadherinwith littleevidenceofacortical
actin ring (Figure 1B; Lallemand et al., 2003). Similar defects in AJ
maturation and in AJ function were seen in immortalized keratino-
cytes expressing shRNAs directed againstNf2 (see Figures S1A–
S1E available online). In fact, Merlin associates with the core AJ
complex prior to calcium-stimulation in wild-type immortalized
keratinocytes when PAs predominate and mature junctions are
not present, but the physical association of Merlin with the AJ
complex decreases as the junctions mature (Figure 1C).
The levels and composition of the core AJ complex are unaf-
fected by the absence of Merlin (Figure 1C; Figure S1F), suggest-
ing that rather than being involved in the assembly or stability of
this complex, Merlin may link it to other membrane and/or cyto-
skeletal proteins. To determine whether Merlin communicates
directly with the AJ complex, we tested its ability to interact with
recombinant versions of each component in vitro. We found
that although Merlin did not associate with the cytoplasmic
domain of E-cadherin or with b-catenin, Merlin could directly
associate with a-catenin (Figure 1D). Additional binding studies
revealed that Merlin associates with the N-terminal VH1 domain
of a-catenin in vitro (Figure S2A). Conversely, a-catenin associ-
ates only with the FERM domain-containing N-terminal portion
of Merlin, and not with the C-terminal portion (Figure 1E). The
specificity of this interaction is highlightedby the inability ofa-cat-
enin to interact with Ezrin, which has a very closely related FERM
domain, even when the C-terminal residues of Ezrin have been
removed, which abrogates self-association and exposes inter-
acting sites within the FERM domain (Figure S2B). Consistent
with their ability to associate in vitro, endogenous Merlin and
a-catenin also associatewitheachother in immortalizedkeratino-
cytes (Figure 1F). Importantly, shRNA-mediated knockdown of
a-catenin expression eliminated the association of Merlin with
E-cadherin (Figure 1G). These data identify Merlin as a partner
for a-catenin and suggest that Merlin can associate directly with
the core AJ complex via a-catenin; this association appears to
be critical for the transition from PAs to a mature AJ belt.Merlin Deficiency Mimics the Loss of Core AJ Proteins
In Vivo
If Merlin is a critical AJ component, the consequences of Merlin
deficiency should mirror the loss of core AJ proteins in vivo. The
phenotypic consequences of eliminating specific AJ proteins inltured in calcium-depleted media (day 0) revealed the association of endoge-
her expressing a scrambled shRNA (scr-shRNA) or two independent a-catenin-
on of Merlin with the AJ complex is nearly eliminated by the loss of a-catenin.
ntal Cell 19, 727–739, November 16, 2010 ª2010 Elsevier Inc. 729
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whether Merlin deficiency yields similar phenotypes, we deleted
Nf2 in the mouse epidermis by generating K14-Cre;Nf2lox/lox
mice in which the Cre recombinase is expressed in basal cells
under the control of the keratin 14 promoter (Vasioukhin et al.,
1999) (Figure 2A). Indeed, deletion of Nf2 yielded striking
macroscopic and microscopic similarities to the deletion of a-
catenin, E-cadherin, or concomitant elimination of E-cadherin
and P-cadherin using the same K14-Cre transgene (K14-
Cre;a-E-catlox/lox, K14-Cre;Ecadlox/- or K14-Cre;Ecadlox/lox/K14-
PcadRNAi) (Tinkle et al., 2008; Tunggal et al., 2005; Vasioukhin
et al., 2001). Like K14-Cre;a-E-catlox/lox, K14-Cre;Ecadlox/-, or
K14-Cre;Ecadlox/ox/K14-PcadRNAi mice, K14-Cre;Nf2lox/lox
mice died within a few days of birth with a runted appearance
and markedly dry, flaky skin (Figure 2B). The newborn K14-
Cre;Nf2lox/lox epidermis also exhibited histological similarities to
that of the cadherin- or a-catenin-deficient epidermis, including
disorganization and thickening of the K14-expressing basal layer
and a failure of suprabasal cells to uniformly adopt a flattened
squamous morphology despite their ability to differentiate nor-
mally. This was assessed by the expression of markers such
as keratin 1, keratin 6, involucrin, and filaggrin and by the appear-
ance of a well-developed stratum corneum (Figures 2C–2H; data
not shown). As in both the cadherin- and a-catenin-deficient
skin, Nf2/ epidermal cells exhibited markedly aberrant organi-
zation of actin (Figures 2I and 2J).
In the absence of a-catenin or cadherin the appearance of
hemidesmosomes at the dermal:epidermal boundary and
desmosomes throughout the epidermis appears normal, but
markers of tight junctions (TJs) are mislocalized and functional
TJsdonot form, consistentwith thenotion thatAJsare necessary
for the establishment of TJs (Tinkle et al., 2008; Tunggal et al.,
2005; Vasioukhin et al., 2001). Indeed, ultrastructural examina-
tion revealed that the appearance and distribution of desmo-
somes and hemidesmosomes were not affected by the loss of
Merlin but TJs were not distinguishable (Figures S3D–S3G). In
contrast to the discrete localization of TJ markers (ZO-1, Clau-
din-1, ZO-2) to cell:cell boundaries throughout the suprabasal
layers of the wild-type epidermis, TJ proteins exhibited a diffuse
and granular cytoplasmic localization in the absence of Merlin
(Figures 3A–3D; Figure S3A) (Morita et al., 1998). Finally, the
measured decline in body weight due to water loss, together
with the results of functional barrier assays, suggested that
K14-Cre;Nf2lox/lox neonates have a poorly developed epidermal
barrier, explaining their dry flaky skin and runted appearance
within the first days after birth (Figure 3E; Figures S3B and S3C)
(Hardman et al., 1998; Segre et al., 1999). Collectively, these
data indicate that Merlin, like cadherin and a-catenin, is required
for the formation of functional TJs in the epidermis in vivo.
Cadherin-mediated cell adhesion is also necessary for epithe-
lial cell polarity (Harris and Tepass, 2010; Macara, 2004; St John-
ston and Ahringer, 2010). Indeed, elimination of cadherin or
a-catenin from the epidermis yields mislocalization of aPKC,
which is normally concentrated apically in basal cells at the
basal:suprabasal interface, and is therefore a marker of
epidermal basal cell polarity (Lechler and Fuchs, 2005; Tinkle
et al., 2008; Tunggal et al., 2005). We found that elimination of
Merlin also yields aPKC mislocalization (Figures 4A and 4B); in
fact, very little aPKC coimmunoprecipitates with Par3 in the730 Developmental Cell 19, 727–739, November 16, 2010 ª2010 ElsNf2/ skin, suggesting that Merlin is necessary for Par3/aPKC
complex formation (Figure 4C). It has been argued that apical
aPKC localization and activation is necessary for a program of
oriented basal cell divisions that drives the process of epidermal
stratification during development. Thus, prior to embryonic day
14.5 (E14.5), most epidermal basal cells divide symmetrically,
parallel to the underlying basement membrane. At E14.5–15.5,
a dramatic switch occurs, and most basal cells begin to divide
asymmetrically, perpendicular to the basement membrane.
Notably, this coincides with the onset of multilayering and disor-
ganization of the basal cell layer in K14-Cre;Nf2lox/lox embryos,
a phenotype that occurs without excess proliferation (data not
shown). We monitored spindle orientation at E15 and found
that, in excellent agreement with previous reports, 70% of
wild-type basal cells undergo asymmetric/perpendicular divi-
sions while 30% undergo symmetric/parallel divisions (Lechler
and Fuchs, 2005) (Figures 4D, 4F, and 4G). In contrast, like a-cat-
enin-deficient basal cells (Lechler and Fuchs, 2005), Nf2-defi-
cient basal cells exhibit a completely random spindle orientation
(Figures 4E, 4F, and 4G).
Taken together, these data reveal striking similarities between
theMerlin-deficient epidermis and that lacking either cadherin or
a-catenin. In contrast, loss of Merlin does not elicit marked
inflammation or major defects in hair follicle development, key
features of p120- and b-catenin deficiency, respectively (data
not shown; Huelsken et al., 2001; Perez-Moreno et al., 2008).
Nevertheless, despite similar changes in actin organization,
there is no epidermal blistering and/or obvious loss of mechan-
ical integrity in the absence of Merlin, unlike the cadherin- and
a-catenin-deficient epidermis (Tinkle et al., 2008; Vasioukhin
et al., 2001). Indeed, as in cultured keratinocytes, we see no
major difference in the localization, levels or stoichiometry of
the core AJ complex in the Nf2-deficient epidermis (Figure S3H;
data not shown). However, Merlin is required for basal cell
polarity and for the establishment of TJs (Figures 3 and 4),
both of which depend upon AJ formation (Suzuki and Ohno,
2006). Together with our observation that cultured Nf2/ kera-
tinocytes form PAs that do not develop into a mature cortical
junctional belt, these in vivo data suggest that Merlin is specifi-
cally necessary for the incompletely understood process of junc-
tional maturation.
Merlin Is Required for Junctional Maturation
Next, we confirmed that Merlin is required cell autonomously for
TJ formation and polarity in cultured keratinocytes, which
provide a system in which molecular studies of junctional matu-
ration can be carried out. In calcium-stimulated keratinocytes,
junctional maturation involves the coalescence of punctae that
contain AJ and TJ proteins (PAs) to form a stratified, actin-asso-
ciated junctional belt that contains AJs and apically positioned
TJs (Vasioukhin et al., 2000; Yuki et al., 2007). In the absence
of calcium, E-cadherin and the TJ marker ZO-1 extensively co-
localize to PAs in immortalized control (scr-shRNA-expressing)
or Nf2-shRNA-expressing keratinocytes (Figure 5A, left panels).
In control cells, calcium stimulation prompts E-cadherin/ZO-1-
containing punctae to coalesce, forming a thin continuous
band in which ZO-1 and E-cadherin segregate apically and
basally, respectively (Figure 5A, top right panel). In contrast,
ZO-1 and E-cadherin remained colocalized in punctae followingevier Inc.
Figure 2. Merlin Is Required for Epidermal Architecture and Function In Vivo
(A) Immunoblotting of total epidermal lysates from three wild-type or K14-Cre;Nf2lox/lox neonates reveals the loss of Merlin protein (arrow).
(B) K14-Cre;Nf2lox/lox early postnatal (P4) mice are markedly runted and exhibit dry flaky skin.
(C–F) Hematoxylin and eosin (H&E) staining of neonatal (P0) wild-type (C) or K14-Cre;Nf2lox/lox (D) skin reveals that although the general epidermal organization is
preserved in the absence ofMerlin, the basal cell layer is expanded and oftenmultilayered (arrows). This is highlighted by immunostaining for the basal cell marker
Keratin 14 (red; E and F).
(G and H) The suprabasal marker Keratin 1 (red) stains all cells distal to K14-expressing cells in both the wild-type and K14-Cre;Nf2lox/lox epidermis. b4-integrin
(green) labels the basement membrane for reference in (E–H).
(I and J) Marked disorganization of actin (green) is apparent in the early postnatal (P0) K14-Cre;Nf2lox/lox skin. b4-integrin (red) labels the basement membrane.
Bars, 40 mm.
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bottom right panel). Functional studies confirmed the require-
ment for Merlin in TJ establishment; thus, although control kera-
tinocytes develop transepithelial resistance (TER) over time,Nf2-
shRNA expressing keratinocytes exhibited only a modest
increase in TER that was markedly delayed and never achieved
wild-type levels (Figure 5B). Notably, we found that Nf2-shRNA
expressing Caco-2BBe intestinal epithelial cells were also unableDevelopmeto form an electrically resistant barrier, indicating that Merlin is
necessary for functional TJ formation in both stratified and
columnar epithelial cells (Figure 5C).
In primary calcium-stimulated wild-type keratinocytes, aPKC
localizes to cell:cell boundaries as expected (Figure 5D).
However, as in the Nf2/ epidermis, aPKC exhibited a diffuse
cytoplasmic localization in cultured Nf2/ keratinocytes (Fig-
ure 5E). Taken together, these data confirm that Merlin isntal Cell 19, 727–739, November 16, 2010 ª2010 Elsevier Inc. 731
Figure 3. Defective TJ Formation and Epidermal Barrier Function in
the Absence of Merlin In Vivo
(A–D) Immunostaining revealed the localization of both ZO-1 (green; A and B)
and Claudin-1 (green; C and D) to cell:cell boundaries in suprabasal layers of
the wild-type epidermis (A and C); in contrast, ZO-1 and Claudin-1 exhibited
a diffuse and granular localization throughout the K14-Cre;Nf2lox/lox epidermis
(B and D). Costaining with anti-b4-integrin (red) antibodies and DAPI (blue)
highlight the basement membrane and nuclei respectively. Bars, 40 mm (A
and B), 20 mm (C and D).
(E) Body weight decrease due to water loss declined more rapidly in K14-
Cre;Nf2lox/lox (yellow) neonatal mice relative to wild-type (blue) or K14-Cre;N-
f2lox/wt (red) neonates, consistent with a defective inside-out epidermal barrier.
Values are mean ± SD.
See also Figure S3.
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in vitro and in vivo.Merlin Links the AJ and Par3 Complexes
The positioning of the TJ apical to the AJ in the mature junctional
belt, together with the requirement for Par3/aPKC in TJ forma-
tion, suggests that recruitment of Par3 and/or aPKC to the early
AJ may provide a critical apical cue for junctional stratification732 Developmental Cell 19, 727–739, November 16, 2010 ª2010 Elsand polarization (Michels et al., 2009; Mizuno et al., 2003; Suzuki
et al., 2002). Several studies conclude that Par3 colocalizes with
AJ proteins during early stages of junctional establishment, and
that this is followed by the recruitment of aPKC (Harris and
Peifer, 2004, 2005, 2007; Ooshio et al., 2007; Suzuki et al.,
2001; Yamanaka et al., 2001). However, it is not clear how
communication between the AJ and Par3 is achieved. We found
that in addition to colocalizing, endogenous Par3 associated
with AJ proteins during early stages of junctional maturation in
Nf2-expressing keratinocytes (Figure 6A). However, Par3 did
not associate with AJ proteins in the absence of Merlin (Fig-
ure 6B). Par3 also failed to recruit either aPKC or TJ proteins in
the absence of Merlin, consistent with our in vivo observations.
These data are consistent with a model wherein Merlin is
required for the physical association between Par3 and the AJ
complex, which is in turn, a prerequisite for the recruitment of
both aPKC and TJ proteins.
Several FERM domain proteins have been shown to bind
directly to other membrane-associated polarity proteins (Laprise
et al., 2006, 2009; Ling et al., 2010; Robinson et al., 2010). There-
fore,weaskedwhetherMerlinassociateswithPar3directlyor indi-
rectly. We found that full-length Merlin could associate with Par3
in vitro in the absence of AJ proteins (Figure 6C). Both the N-
and C-terminal portions of Merlin associated with Par3 in vitro
and in cultured cells, suggesting that Par3 interacts with the
central linker region or that a stable interaction involves elements
of both the N- and C-terminal portions (Figure 6C; Figure S4A).
Conversely, mapping studies suggested that Merlin associates
with a central region of Par3 that contains the third PDZ domain,
a region known to be required for TJ formation (Figure S4B)
(Chen and Macara, 2005). Notably, this region of Par3 can also
interact with Tiam-1, an activator of the small GTPases Rac and
Cdc42 that has been implicated in TJ formation in keratinocytes
(ChenandMacara, 2005;Mertenset al., 2005).However, although
our primaryand immortalized keratinocytes express Tiam-1at low
levels,wehavenotdetected thecoimmunoprecipitationof endog-
enous Tiam-1 with Par3 in our cells (not shown); in contrast,
endogenous Merlin is readily detected (Figure 6A).
VE-cadherin can associate directly with Par3 in endothelial
cells (Iden et al., 2006). However, while the E-cadherin-contain-
ing AJ complex does coimmunoprecipitate with Par3 in wild-
type cultured keratinocytes (Figure 6A), the individual AJ proteins
did not associate with Par3 on their own in vitro (Figure S4C). The
association of endogenous Merlin with both Par3 and a-catenin
in keratinocytes (Figure S4D), together with its ability to interact
directly with both Par3 and a-catenin in vitro suggests thatMerlin
could link these two complexes. Indeed, the addition of either
full-length or N-terminal Merlin was sufficient to promote the
association between Par3 and a-catenin in vitro, while the
C-terminal half of Merlin, which does not bind a-catenin, was
not sufficient (Figure 6D). Moreover, expression of the N-terminal
portion of Merlin in Nf2-deficient keratinocytes was sufficient to
rescue both the association between Par3 and AJ proteins and
the recruitment of aPKC and TJ proteins to Par3 (Figure 6E).
These data suggest that Merlin directly links the AJ and Par3
complexes during early junctional maturation.
Is Merlin’s ability to link the AJ and Par3 complexes necessary
for functional junction maturation in cells? We previously found
that a version of Merlin lacking the extreme N-terminal 17 aminoevier Inc.
Figure 4. Loss of Basal Cell Polarity in K14-Cre;Nf2lox/lox Embryonic
Skin
(A and B) In contrast to the apical concentration of aPKC (green) at the basal-
suprabasal interface in thewild-type E15 epidermis, aPKC is diffusely localized
throughout basal cells of the K14-Cre;Nf2lox/lox epidermis. DAPI (blue), and
anti-b4-integrin (red) were used to label nuclei and basal lamina. Bars, 20 mm.
(C) Despite similar total levels of aPKC (right), very little aPKC immunoprecip-
itated with Par3 in the K14-Cre;Nf2lox/lox neonatal epidermis relative to wild-
type. Quantitation of three independent experiments using ImageJ software
is shown on the bottom left. Values are mean ± SD.
(D and E) Immunostaining with an anti-b-tubulin antibody (green) shows repre-
sentative spindle orientations in wild-type and K14-Cre;Nf2lox/lox basal cells.
Costaining with DAPI (blue) and anti-b4-integrin antibodies (red) labels nuclei
and basal lamina, respectively. Bars, 10 mm.
(F) Calculation of the percentage of basal cells undergoing asymmetric division
(mitotic spindles at a 90 angle relative to the basementmembrane), compared
to those undergoing nonasymmetric divisions (less than a 90 angle relative to
the basement membrane). Values are mean ± SD; n = >300mitoses/genotype.
(G) Plotting of individual mitotic spindle orientations revealed that they were
either parallel (symmetric) or perpendicular (asymmetric) in wild-type basal
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Developmeacids (Nf218-595) fails to stably localize to cell:cell boundaries or
to associate with the AJ complex (Cole et al., 2008). Indeed,
Nf218-595 cannot associate with a-catenin in vitro (Figure 7A).
However, we found that Nf218-595 could still interact with Par3
(Figure 7A), raising the possibility that this mutant could domi-
nantly interfere with junctional maturation. Consistent with this
hypothesis, expression of Nf218-595 in wild-type immortalized
keratinocytes interfered with the establishment of functional
TJs as measured by TER (Figure 7C). As would be expected,
this mutant also could not restore TER toNf2-shRNA-expressing
cells (not shown). Similarly, in contrast to full-length Myc-Par3
and Myc-Par3511-1266 that associate with Merlin and with AJ
and TJ proteins (Figure 7B; Figure S4B), a mutant version of
Par3 (Myc-Par31-373) that does not bind to Merlin fails to asso-
ciate with AJ or TJ proteins (Figure 7B) and also dominantly inter-
feres with the establishment of TER (Figure 7C). Taken together,
these data provide functional evidence that Merlin-mediated
tethering of Par3 to the AJ is necessary for junctional maturation.
In final support of this hypothesis, we found that, despite its
apparently normal localization in both primary and immortalized
Nf2-deficient keratinocytes (Figures 7D and 7E; data not shown),
Par3, but not a-catenin, is completely eliminated under more
stringent fixation/detergent extraction conditions (Fix 2; see
Experimental Procedures) in the absence of Merlin (Figure 7G;
Figure S5). In contrast, Par3 remains localized to cell:cell bound-
aries under the same conditions in the presence of Merlin (Fig-
ure 7F; Figure S5).
DISCUSSION
Mounting evidence indicates that FERM domain containing
proteins play fundamental roles in organizing the cell cortex.
Our studies reveal that the FERM domain-containing NF2 tumor
suppressor, Merlin, coordinates cell adhesion and polarity in the
mammalian epidermis by promoting an association between
Par3 and the AJ. Merlin is not required to recruit Par3 to the
membrane; indeed, Par3 can associate directly with membrane
phospholipids via its second PDZ domain (Wu et al., 2007).
Instead, our data suggest that Merlin directly links Par3 to a-cat-
enin, consistentwith the abnormal sensitivity of Par3 to detergent
extraction in the absence of Merlin (see Figures 7D–7G; Fig-
ure S5). This physical interaction is required during early stages
of junction formation for subsequent maturation steps, including
the establishment of a cortical actin ring and segregation of TJs; it
is also required for the recruitment of aPKC and establishment of
a program of oriented cell divisions within the basal epidermis.
Our data are consistent with studies in fly andmammalian epithe-
lial cells that conclude that the localizationof cadherin andPar3 to
nascent cell junctions precedes the recruitment of aPKC to Par3
(Harris and Peifer, 2005; Ooshio et al., 2007; Suzuki et al., 2001,
2002). Our work further suggests that Par3 is unable to bind
aPKC in the absence of Merlin. It is not yet clear how Merlin
promotes Par3:aPKC interaction; Merlin-binding could cause
a conformational change in Par3 that permits aPKC association
or facilitate Par3 posttranslational modification, by directly orcells, as expected. In contrast, mitotic spindles were randomly oriented in
K14-Cre;Nf2lox/lox embryonic epidermal basal cells.
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Figure 5. Cell Autonomous Loss of TJ Function and aPKC Localization in the Absence of Merlin In Vitro
(A) Confocal imaging showing the colocalization of ZO-1 and E-cadherin to PAs in both scr-shRNA and Nf2-shRNA-expressing PAM212 keratinocytes prior to
calcium stimulation. After calcium stimulation ZO-1 and E-cadherin localize to distinct apical junctional rings. In contrast, ZO-1 and E-cadherin continue to coloc-
alize to punctate structures in calcium-stimulated Nf2-shRNA-expressing cells. XZ sections are shown at the bottom of each panel. Nuclei labeled with DAPI
(blue). Bars, 20 mm.
(B and C) Trans-epithelial resistance (TER) was measured across confluent control (black) orNf2-shRNA-expressing (red) PAM212 keratinocyte (B) or Caco-2BBe
intestinal epithelial cell (C) monolayers that had been stimulated with calcium for the indicated times. Values are mean ± SD.
(D and E) Immunostaining reveals that aPKC (green) localizes primarily to cell:cell boundaries in calcium-stimulated wild-type keratinocytes but not in K14-Cre;
Nf2lox/lox keratinocytes. Nuclei are stained with DAPI (blue). Bars, 15 mm.
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association of Merlin with both Par3 and the AJ diminishes after
calcium stimulation at approximately the same time that TJs
are apically segregated (see Figure 6A, not shown). Perhaps
the regulated release of Merlin-mediated AJ:Par3 association
represents a subsequent step in junctional maturation.
Increasing evidence supports the idea that FERM domain-
containing proteins such as Band 4.1 and the ERM proteins
can simultaneously assemble protein complexes at the
membrane and locally stabilize the cortical cytoskeleton
(McClatchey and Fehon, 2009). Primary Nf2/ keratinocytes
fail to establish a mature AJ belt and associated cortical actin
ring, suggesting that Merlin may similarly stabilize the interaction
between the AJ and cytoskeleton. In fact, more actin associates
with the AJ complex in the presence of Merlin than in its absence
(see Figure S1F). This provides a compelling parallel to the
closely related ERM proteins that are known to both stabilize
the membrane:cortical actin interface and assemble membrane
protein complexes (Fehon et al., 2010).
Merlin can decorate and affect the cortical actin cytoskeleton
but lacks the C-terminal actin-binding domain found in the ERM
proteins (Fehon et al., 2010). We found that Merlin can directly
interact with a-catenin, which has long been thought to statically
link the AJ to the actin cytoskeleton. However, recent studies
challenge this notion and suggest that a-catenin may dynami-
cally regulate the actin cytoskeleton at the AJ while multiple734 Developmental Cell 19, 727–739, November 16, 2010 ª2010 Elsproteins establish and maintain this interface, particularly during
morphogenetic processes that require junctional remodeling
(Drees et al., 2005; Yamada et al., 2005). Indeed, mounting
evidence suggests that the AJ itself is a heterogeneous, dynamic
structure (Pilot et al., 2006). We found that the first 17 amino
acids of Merlin are required for its association with a-catenin
in vitro, consistent with our previous observation that these resi-
dues are required for Merlin localization to cell:cell boundaries
and association with the AJ complex (Cole et al., 2008). Although
it remains unclear whether these residues are sufficient to
interact with a-catenin, it is interesting to note that they are
also required for Merlin to decorate the cortical actin cytoskel-
eton away from cell:cell boundaries (Cole et al., 2008). Given
the increasing suggestion that a-catenin may have junction-
independent functions (Benjamin et al., 2010; Lien et al.,
2008a), it is tempting to speculate that Merlin functionally inter-
acts with a-catenin both at the AJ and across the cell cortex.
The ability of Merlin to negatively regulate signaling downstream
of the small GTPase Rac may also contribute to Merlin-depen-
dent changes in the keratinocyte cortical cytoskeleton (Kissil
et al., 2003; Shaw et al., 2001).
Individual FERM domain-containing proteins can likely
assemble multiple different complexes even within a given cell.
We previously found that Merlin promotes the contact-depen-
dent association between the AJ complex and EGFR (via the
adaptor NHERF-1) in liver epithelial cells (Curto et al., 2007).evier Inc.
Figure 6. Merlin Links the AJ and Par3 Complexes In Vivo and In Vitro
(A and B) Par3 (180kd isoform) was immunoprecipitated from (A) scr-shRNA- or (B) Nf2-shRNA-expressing PAM212 keratinocytes that had been stimulated with
calcium for the indicated times. Immunoblotting revealed that Par3 associates with AJ and TJ proteins in the presence but not absence of endogenous Merlin.
NRS, normal rabbit serum.
(C) FL-, NT-, and CT-Merlin-HA produced by IVTT were mixed with Myc-Par3 produced in Sf9 cells. Immunoprecipitation using an anti-HA antibody and immu-
noblotting revealed that FL-, NT-, and CT-Merlin-HA all associated with Par3 in vitro. Ten percent of the input mixture is shown in the right panel.
(D) Myc-Par3 produced in Sf9 cells was mixed with IVTT-produced FL-, NT-, or CT-Merlin-HA and GST-a-catenin. Complexes were isolated using GST beads;
immunoblotting with anti-GST, -Myc, or -HA antibodies revealed that FL- or NT-Merlin-HA, which bind to GST-a-catenin in vitro, but not CT-Merlin-HA, is suffi-
cient to promote Myc-Par3:a-catenin association in vitro.
(E) Par3 was immunoprecipitated from Nf2-shRNA-expressing PAM212 keratinocytes that had been infected with a Merlin-NT-expressing adenovirus and stim-
ulated with calcium for the indicated times. Immunoblotting revealed that reintroduction of Merlin-NT rescues the association of Par3 with AJ and TJ proteins in
keratinocytes. NRS, normal rabbit serum.
See also Figure S4.
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atinocytes. It is not yet clear whether these complexes are mutu-
ally exclusive; however, in both cases, Merlin seems to coordi-
nate the sensing and establishment of cell:cell contact with the
positioning and function of another membrane protein (Par3 or
EGFR). Merlin is also thought to cooperate with the FERM
domain protein Expanded to negatively regulate the Hpo/Wts/
Yki pathway that controls organ size in Drosophila and in some
mammalian tissues, but the membrane-derived signals that
direct Merlin and/or Expanded to control this pathway have not
been well defined (Genevet et al., 2009; Hamaratoglu et al.,Developme2006, 2009; Ling et al., 2010; Lu et al., 2010; Song et al., 2010;
Zhang et al., 2010; Zhou et al., 2009). The recent identification
of the apical polarity protein Crumbs as a physical and functional
regulator of Expanded, but not Merlin, suggests an intriguing
possibility: Although we have not detected Merlin-dependent
changes in the analogous mammalian Mst/Lats/Yap pathway
in keratinocytes (data not shown), our discovery that Merlin
can physically and functionally interact with Par3, together with
the known functional interdependence of Crumbs and Par3,
suggests a mechanism whereby these proteins could cooperate
to regulate this pathway in certain cells.ntal Cell 19, 727–739, November 16, 2010 ª2010 Elsevier Inc. 735
Figure 7. The Interaction of Merlin with Both a-Catenin and Par3 Is Required for the Establishment of Functional Junctions
(A) IVTT-produced Merlin or Merlin18-595 was mixed with either GST-a-catenin (top) or Myc-Par3 (middle). Complexes were isolated using either GST beads (top
panel) or an anti-Myc antibody (middle panel) and immunoblotted with anti-GST, -Myc, or -Nf2 antibodies. Merlin18-595 can readily bindMyc-Par3 but not GST-a-
catenin in vitro. Ten percent of the input is shown in the bottom panel.
(B) PAM212 keratinocytes were transfected with Myc-Par3, Myc-Par3511-1266, or Myc-Par31-373 and cultured in calcium-containing media for the indicated times.
Immunoprecipitation of Par3 followed by immunoblotting with Myc-, AJ- or TJ-specific antibodies revealed that full-length Myc-Par3 and Myc-Par3511-1266 can
associate with Merlin and with AJ and TJ proteins. In contrast, Myc-Par31-373 does not associate with Merlin or with AJ and TJ proteins. Note that
Myc-Par3511-1266 and Myc-Par31-373 are produced from a Par3 splice variant that does not contain the aPKC-binding site. NRS, normal rabbit serum.
(C) TER was measured across calcium-stimulated PAM212 keratinocyte monolayers that stably express Merlin, Merlin18-595, or Myc-Par31-373. Note that both
Merlin18-595 and Myc-Par31-373 dominantly interfered with the establishment of TER. Values are mean ± SD.
(D–G) Primary wild-type (D and F) or K14-Cre;Nf2lox/lox (E and G) keratinocytes were stimulated with calcium-containing media for 8 hr, and either processed for
indirect immunofluorescence (Fix 1, D and E) or subject to a more stringent in situ extraction (Fix 2, F and G). Immunostaining revealed normal localization of Par3
(green) at cell-cell boundaries in K14-Cre;Nf2lox/lox cells that were processed via mild fixation/extraction (Fix 1; D and E). However, Par3 staining in these cells is
completely eliminated by more stringent fixation/extraction (Fix 2). In contrast, Par3 localization to cell-cell boundaries is maintained in wild-type keratinocytes in
Fix 2.
See also Figure S5.
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Mouse Strains and Cell Culture
K14-Cre;Nf2lox/loxmice were generated by crossing Nf2lox/lox (Giovannini et al.,
2000) and K14-Cremice (Vasioukhin et al., 1999) and genotyped as described.
Epidermal water loss assays were performed as described (Segre et al., 1999).736 Developmental Cell 19, 727–739, November 16, 2010 ª2010 ElsAll experiments involving animals were approved by the MGH Subcommittee
on Research Animal Care.
Keratinocytes and epidermal tissue were isolated from wild-type or K14-
Cre;Nf2lox/lox neonates and floated in EDTA-free 0.25% trypsin overnight at
4C to separate the dermis from the epidermis. The isolated tissue wasminced
and cell suspensions filtered and seeded onto collagen I-coated plates.evier Inc.
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Eagle Medium, GIBCO) containing 10% fetal calf serum (FCS), L-glutamine,
sodium pyruvate, hydrocortizone, cholera toxin, and 10 ng/ml EGF. Immortal-
ized murine PAM212 keratinocytes (ATCC) were cultured in calcium-depleted
DMEM containing 10% FCS, L-glutamine and sodium pyruvate. For junctional
maturation keratinocytes were switched to DMEM containing 5% FCS,
1.5 mM CaCl2, for the indicated times. HEK293T cells were cultured in
DMEM containing 10% FCS.
Lentiviruses expressing control (scrambled), a-catenin- or Nf2-directed
shRNAs were obtained from Open Biosystems (Thermo Scientific).
Plasmids expressing Nf2wt, Nf21-341, Nf2344-595, Nf218-595, Myc-Par3, Myc-
Par3511-1266, and Myc-Par31-373 have been described (Chen and Macara,
2005; Cole et al., 2008) and were transfected into either HEK293T or
PAM212 cells using Lipofectamine Plus (Invitrogen). Full-length Merlin,
Merlin18-595 or Myc-Par31-373, were cloned into pBabe-puro and stably ex-
pressed in PAM212 cells via retroviral infection followed by selection in 6 mM
puromycin.
Histology and Immunohistochemistry
Tissues were fixed overnight in 3.7% buffered formalin and processed for
paraffin embedding, sectioning, and hematoxylin and eosin staining. For cryo-
sectioning tissues were fixed in 4% paraformaldehyde overnight, dehydrated
through increasing concentrations of sucrose and embedded in Optimal
Cutting Temperature compound (OCT). Sections were stained with the
following primary antibodies: ZO-1 (1:100, Z-R1, Zymed), Claudin-1 (1:100,
2H10D10, Zymed), ZO-2 (1:100, Z54.PL, Invitrogen), a-catenin (1:100,
aCAT-7A4, Zymed), b4-integrin (1:200, 346-11A, PharMingen), Keratin 14
(1:1000, AF64, Covance), Keratin 1 (1:1000, AF87, Covance), Keratin 6
(1:500, PRB-169P, Covance), Filaggrin (1:1000, PRB-417P, Covance), Involu-
crin (1:1000, PRB-140C, Covance), b-tubulin (1:250, SAP 4G5, Sigma), PKC-z
(1:250, C-20, Santa Cruz). Secondary antibodies used (1:200) were: anti-rabbit
or anti-mouse Alexa Fluor 488 (Invitrogen); anti-rat, anti-mouse, or anti-rabbit
Cy3 or Cy5 (Jackson ImmunoResearch). Nuclei were stained with 4060-diami-
dino-2-phenylindole (DAPI).
Indirect Immunofluorescence and In Situ Extraction
For immunofluorescence, primary keratinocytes or PAM212 cells were plated
on collagen I-coated coverslips in calcium-depleted media, grown to conflu-
ence and either collected or switched to calcium-containing medium
(1.5mM) for specified times. Coverslips were washed in PBS, fixed in 4%para-
formaldehyde for 10 min, permeabilized in PBS containing 0.5% Triton X-100
for 10 min, blocked in 10% goat serum, and stained with the following primary
antibodies: NF2 (1:500, A-19 and C-18, Santa Cruz), E-cadherin (1:2000, #36,
BD), Actin (1:2000, AC40, Sigma), ZO-1 (1:500, Z-R1, Zymed), aPKC (1:500, C-
20, Santa Cruz), Par3 (1:100, 07-330, Zymed) and a-catenin (1:100, a-cat-7A4,
Zymed), followed by secondary antibodies as described above. In situ extrac-
tion (Fix 2) of primary or immortalized keratinocytes was performed as
described (Cole et al., 2008). In brief, cells were simultaneously fixed and
permeabilized in 1% formaldehyde and 2% Triton X-100 in CB (CB; 10 mM
2-(N-morpholino)-ethanesulfonic acid sodium salt (MES), pH 6.1, 138 mM
KCl, 3 mM MgCl2, and 2 mM EGTA) for 15 min.
Transepithelial Resistance Measurement
Keratinocytes were grown on polycarbonate Transwell filters (0.4 mM pore
size, 12 mm diameter; Corning) in calcium-depleted media until confluent
and then switched to media containing 1.5 mM CaCl2. TER was measured
with an epithelial voltmeter (Millipore) and values expressed in ohm x cm2
were calculated by subtracting the values of the blank filter with medium.
Results are from five independent experiments and each reading reflects the
average of three measurements at the indicated times.
Western Blot and Immunoprecipitation
Total protein extracts from epidermal tissue were prepared using RIPA lysis
buffer (50 mM Tris [pH 7.4], 1% Triton X-100, 0.1% SDS, 0.5% sodium deox-
ycholate, 150mMNaCl, 1mMEDTA, 1mMEGTA, 1mMPMSF, 1mMNa3VO4,
10 mM sodium fluoride, 10 mM b-glycerophosphate, 1 mg/ml aprotinin, and
1 mg/ml leupeptin). For total Triton soluble cell lysates, samples were resus-
pended in Triton lysis buffer (50 mM Tris [pH 7.4], 1% Triton X-100, 150 mMDevelopmeNaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 mM Na3VO4, 10 mM sodium
fluoride, 10 mM b-glycerophosphate, 1 mg/ml aprotinin, and 1 mg/ml leupep-
tin), followed by a brief sonication. Cell debris was cleared by centrifugation at
14,000 rpm (10 min, 4C) and protein lysates were quantitated by DC protein
assay (Bio-Rad). Protein samples were separated by SDS-PAGE, transferred
to PVDF, and blocked with 5% nonfat dried milk.
For IP, protein lysates were diluted in Tween 20 IP buffer (50 mMHEPES [pH
8], 150 mMNaCl, 2.5 mM EGTA, 2.5 mM EDTA, 0.1% Tween 20, 1 mM PMSF,
1 mM Na3VO4, 10 mM sodium fluoride, 10 mM b-glycerophosphate, 1 mg/ml
aprotinin, and 1 mg/ml leupeptin) and incubated with Protein A Sepharose
beads (GE Healthcare) and the indicated antibodies overnight at 4C. IP’d
complexes were washed four times with Tween 20 IP buffer, resuspended in
protein loading buffer, boiled, and loaded onto SDS-PAGE gels. For IP and
western blot the following antibodies were used: NF2 (1:1000, A-19 and C-
18, Santa Cruz), Keratin 14 (1:5000, AF64, Covance), Actin (1:1000, AC40,
Sigma), b-tubulin (1:1000, SAP4G5, Sigma), Par3 (1:500, 07-330, Upstate),
aPKC (1:500, C-20, Santa Cruz), HA (1:1000, clone 12CA5), Myc (1:1000,
9E10, Santa Cruz), ZO-1 (1:500, Z-R1, Zymed), E-cadherin (1:2000, #36, Phar-
Mingen), b-catenin (1:2000, #14, PharMingen), and a-catenin (1:1000, #5,
PharMingen).
In Vitro Binding
GST-E-cad-cyto, GST-b-catenin and GST-a-catenin were produced in
bacteria as previously described (Yamada et al., 2005). Nf2wt, Nf21-341,
Nf2344-595, Nf218-595, Flag-Ezrin, and Flag-EzrinDactin were produced by
in vitro transcription and translation from the pCDNA3 plasmids (Cole et al.,
2008). Flag-EzrinDactin, a version of Ezrin in which residues 553–586 have
been deleted, adopts a constitutively open conformation, exposing the
FERM domain for interaction with other proteins (Speck et al., 2003). Myc-
Par3 and Flag-Merlin were purified from Sf9 lysate. For in vitro binding assays,
proteins were mixed together in Tween 20 IP buffer at room temperature for
3 hr; GST-bound proteins were washed five times with Tween 20 IP buffer,
eluted with loading buffer and separated by gel electrophoresis.
Additional materials andmethods are described in the Supplemental Exper-
imental Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes Experimental Procedures and five figures
and can be found with this article online at doi:10.1016/j.devcel.2010.10.008.
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